We experimentally investigate a diagnostic technique for identifying a weak bond in composites using highly nonlinear solitary waves (HNSWs). We set up a one-dimensional chain of granular crystals, consisting of spherical particles with nonlinear interactions, to generate HNSWs. These solitary wave packets are transmitted into an inspection area of composites by making a direct contact with the chain. We demonstrate that a strong type of solitary waves injected to the weak bond area can break the weak bond of laminates, thereby causing delamination. Then, to identify the creation of the delamination, we transmit a weak type of solitary waves by employing the same apparatus, and measure the solitary waves reflected from the specimens. By analyzing these reflected solitary waves, we differentiate the weak bond samples with the pristine bond ones in an efficient and fast manner. The diagnostic results based on the proposed method are compared with the strength and energy release rate at bond interfaces, which are measured via standard testing methods such as three point bending and end notched flexure tests. This study shows the potential of solitary wave-based detection of weak bonds for hot spot monitoring of composite-based structures.
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. Introduction
In recent years, fiber-reinforced polymer composites are widely used in a variety of applications, not only for small components in mechanical systems but also for large-scale structures like aircraft, rockets, and wind turbine blades, due to their light weight and high strength. For the assembly of these composite structures, two types of integration methods are commonly used: one is a mechanical fastener like a bolted joint, and the other is an adhesive joint. The main advantage of mechanical fasteners is their detachability, ease to use for on-site assembly, and allowance for visual and other simple inspections [1] . However, these mechanical fasteners contribute to increasing structural weight and stress concentration around the joint area, thereby initiating complex damages in composites. Moreover, the joint efficiency of mechanical fasteners in composite structures is much lower than the one obtained from metallic materials [1] [2] [3] .
In contrast, the adhesive joint shows a relatively uniform stress distribution in bonded areas and reduces structural weight compared to the mechanical fastener. Also the fabrication process using adhesive bonds is easy and fast. For these reasons, the adhesive joint has been already used widely in various fields, e.g., assembly of large wind turbine blades. However, the adhesive joint poses a formidable challenge, which is the occurrence of weak bonds or kissing bonds due to imperfect bonding conditions. The difference between the weak and the kissing bonds is as follows. The force between an adhesive and a substrate is called adhesion, and the force between adhesive molecules is called cohesion. A bond becomes weak if either the adhesive or the cohesive force is not enough, which is called weak bond [4] . It is called kissing bond when the bond strength is negligibly small. These weak and kissing bonds can be easily debonded under mechanical and thermal loads, potentially leading to catastrophic failure of composites during operations.
The weak and kissing bonds may occur due to a variety of reasons. One of the most common reasons is the presence of impurities in the adhesive or on the surface of the substrates. These impurities can cause small voids and defects, hinder proper bonding, and eventually reduce the bond strength. Once two parts are bonded, it is difficult to detect these small defects and extremely challenging to determine the bond strength in an efficient and fast manner. Conventional diagnostic methods may not be easily applied, since ideally, weak bonds degrade strength of composite structures without affecting structural stiffness. Limited studies have been reported for detecting the weak or kissing bonds. Brotherhood et al [5, 6] used ultrasonic techniques to detect kissing bonds. Singher et al [7] employed ultrasonic guided waves to evaluate bond quality. It was shown that the quality of the adhesive bond affects the propagation of guided wave modes. Malinowski et al [8] proposed the technique based on electrical impedance measurements of a piezoelectric transducer which is attached to the structure. Yang et al [9] investigated the frequency response and damping loss factor of structures under an impact excitation to identify weak bonds. Roach et al [10] reported that thermography coupled with signal optimization scheme can differentiate bond strengths. Bossi et al [11] employed laser-based shock loads to measure the adhesively bonded joint strength. Heslehurst [12] introduced optical methods to detect debonding or weak bonds via the comparative analysis of diffraction patterns of the light reflected from the surface of the bonded specimen. Recently, Kumar et al [13] used a digital image correlation technique to identify kissing bond by measuring strain distribution in the surface of a structure. Various methods for quality assessment of adhesive bonded composite structures were introduced by Ehrhart et al [14] . While these methods provide their own unique advantages and shortcomings, they tend to require bulky equipment, high power radiation, and/ or a significant amount of data processing, which prevents them from in-situ and rapid diagnostics of composite structures for hot spot monitoring.
In this study, we introduce a novel diagnostic method to detect weak bonds by using a nonlinear wave-based portable sensor and actuator. The combined sensor and actuator is made of a one-dimensional (1D) chain of beads, called a granular crystal [15, 16] . This chain supports the formation and propagation of highly nonlinear solitary waves (HNSWs) with unique characteristics such as compact waveforms, tailorable wave speed, and high energy intensity [17, 18] . These properties make HNSWs useful as information carriers that propagate in mechanical media. In particular, when these HNSWs are transmitted to an inspection medium through the direct contact with the granular crystal, HNSW's reflections from the interface become extremely sensitive to the material properties and geometry of the inspection medium [19, 20] . This implies that we can evaluate the local mechanical properties (e.g., stiffness, damage type and location) of the bounding medium by measuring and investigating the reflected HNSWs for diagnostic purposes [21, 22] . In this process, the granular crystal serves as both actuator (by injecting HNSWs to an inspection medium and exciting it locally) and sensor (by measuring HNSWs reflected from the inspection medium). Recently, this diagnostic scheme has been successfully applied to various applications, such as bone quality assessment [23] , cement dehydration monitoring [24] , and delamination detection in composites [25] .
The purpose of the present study is to assess the feasibility of using the HNSW-based diagnostic method to identify weak bonds in carbon fiber-reinforced polymer (CFRP) composites. If successful, this will allow fast and efficient inspection of composite structures by using a portable and compact granular crystal sensor, without relying on complex and expensive apparatus. To achieve this goal, we focus on the following two tasks. First, we fabricate strong and weak bonded CFRP samples and evaluate their strength and fracture toughness based on standard test methods. It should be noted that preparation of weak bond CFRP samples itself is a highly challenging task. This is because their mechanical properties can be highly unpredictable due to the uncontrollable nature of the bonding interface's quality in a micro-/ meso-scopic scale. In this study, we employ a technique based on the multiple coatings of a release agent at the interlaminar interfaces of the CFRP samples. We measure their mechanical properties, such as flexure strength, flexure modulus, and interlaminar shear strength (ILSS), via three point bending and end notched flexure tests. Moreover, we verify that our method produces weak and strong bond samples in a controllable manner.
Next, we examine whether the HNSW-based technique can successfully discern weak bond samples from pristine ones. In this study, we identify weak bonds by executing a two-step process. We first inject a strong HNSW into a weakbond coupon to break the weak bond and cause debonding. Once debonded, by using the same granular crystal sensor and actuator, we transmit a weak HNSW and measure the HNSWs reflected from the specimens. By analyzing these reflected HNSWs from a pristine and a weak bond specimen, we differentiate the weak bond with the pristine one in an accurate manner. We cross-check our diagnostic results with the images obtained from a ultrasonic C-scan. Though this HNSW-based method is not non-destructive, we find that it can efficiently identify and filter weak bond specimens. This can contribute to rapid and accurate inspection of weak bonds for hot spot monitoring of composite-based structures.
The remainder of the paper is organized as follows. In section 2, we briefly introduce the theoretical background of HNSWs in a granular chain. In section 3, we describe the fabrication method of the strong and weak bond specimens and evaluations of the interface properties based on standard test methods. In section 4, we present the experimental setup for the granular crystal sensor and evaluate the performance of the sensor for the detection of weak bonds. Finally, in section 5, we provide conclusions and a summary of directions for future work.
HNSWs in a granular crystal chain
In this section, we briefly describe the theoretical background of HNSW propagating in a granular crystal chain used for the present study. When a single impact is applied to a 1D granular chain consisting of identical spheres, a packet of HNSW forms and propagates (figure 1(a)) as an outcome of the balanced dispersion and nonlinearity effects [17, 18] . Here the nonlinearity stems from the Hertizan contact relationship [26] between particles (figure 1(b)), in which the contact behavior follows a power-law under compression and does not support force under tension [26] :
where F is the contact force, δ is a compressive approach between two beads, and
The coefficient A is a function of Young's modulus E, Poisson's ratio ν, and the radius R of the spherical bead.
For a homogenous chain of spherical particles under no pre-compression, an equation of motion can be expressed as:
where m is the mass of the particle and u n is the nth particle's displacement from an equilibrium position. Under small perturbations, this equation does not support any propagation of sound, thus being called sonic vacuum (see zero slope, i.e., stiffness, at the origin of the curve in figure 1(b)) [17] . However, given a strong excitation (e.g., striker impact as shown in figure 1 (a)), this system can support the propagation of nonlinear waves. Under the long-wave approximation, Nesterenko derived an analytical solution of equation (2) in terms of strain
, where u and x are the displacement and the spatial coordinate in the continuum limit) [17] :
where x m is the maximum amplitude of the strain, V s is the speed of the wave packet, and t is time. As shown in figure 1(a), the shape of this wave is a single hump of smooth impulse, called a HNSW (or soliton in a loose sense, though this is not accurate rigorously, since soliton refers to a solution of a different, weakly nonlinear system). The HNSW has a compact waveform with a width around five particle diameters [18, 27] . It propagates robustly with a constant wave speed and without significant distortion if there are no impurities or dissipative factors in the chain.
We note that multiple impacts on the granular chain can generate a train of HNSWs. This usually happens at boundary conditions or at an impurity site in the chain. For example, when a heavy striker impact a granular chain or a HNSW packet passes by an impurity spot, the mechanical energy carried by the HNSW is divided into several wave packets due to the multiple interactions among particles [28] . Also multiple HNSW packets may form when a granular chain is bounded by a soft medium [29] . These reflected HNSWs are particularly important when they are used for inspecting the bounding medium, because the reflected HNSWs contain diagnostic information about the bounding medium [15, [23] [24] [25] 29] .
Fabrication and evaluation of weak bond samples
As noted earlier, it is challenging to create weak bond samples whose strength is characterized by a controllable parameter. In this study, we make weak bond specimens by using a silicone-based mold release agent to coat the surface of a CFRP laminate prior to bonding. This coating acts as impurity at the bondline and results in poor surface preparation which is known as a cause of the weak bond. To verify the efficacy of this method, we characterize the mechanical properties of fabricated samples with the focus on the bond interface. Specifically, we perform the three point bending test [30, 31] and the end notched flexure test [32, 33] to obtain Mode II strength and fracture toughness at the bond interface, respectively. These are relevant interface properties for our weak bond detection test to be discussed in section 4. Detailed processes of sample preparation and tests are described in section 3.1 for the three point bending test and section 3.2 for the end notched flexure test. 3 ) using a hot pressing method at 121 • C (250 • F) cure temperature with T800 prepregs [34] . Then we sand the surface of the plate with a 150 grit sandpaper and bond two plates with an adhesive (LoctiteEA 9394). After applying the adhesive, we cure the bonded specimens in an oven at 82 • C (180 • F) temperature and 30 kPa pressure for an hour. Finally, we cut the composite plate into coupons as shown in figure 2(a) .
For the weak bond specimens, we coat the sanded surface of the composite plates with the silicone-based mold release agent, Evercoat 5685, before applying the adhesive. In figure 2(a) , the gray rectangular area displays the location of the release agent applied to the specimen. Three kinds of specimens are fabricated: specimens without a coating of the release agent (control specimens), specimens with two coatings of the release agent, and specimens with six coatings of the release agent. Five specimens of each kind are tested.
Experimental results.
In the three point bending test, the specimen is placed on two supporting pins with a set distance of 128 mm. Then vertical loading is applied at the center of the specimen with a constant loading rate of 1 mm min −1 until the specimen fails. From the three point bending tests, we measure maximum force and deflection before failure and calculate the flexure modulus, flexure strength, and ILSS of the tested specimens as shown in table 1. The results clearly show that the measured quantities decrease as an outcome of the coatings of the release agent. Decrease of the flexure modulus indicates that the coating of the soft release agent makes the specimen more flexible in bending, even though the thickness of the coating is negligibly small and difficult to discern. The decrease of the flexural strength implies the reduction of the bond strength. Note that the weak bond specimens show first failure at bond interface, while the first failure of pristine one is matrix crack in 90°layer. Therefore, we cannot calculate the ILSS of the pristine one. We only know that the ILSS is higher than the interlaminar shear stress (13.07 ± 0.2 MPa) calculated with the maximum force measured just before the first failure. We also observe that the number of coatings (i.e., two or six coatings) does not affect the measured strength and modulus properties significantly.
End notched flexure test
We confirmed that the coating of the release agent reduces the interface strength from the three point bending test. In this section, we study the effect of the coating on the mode II crtical strain energy release rate (G IIc ) using the end notched flexure test [32] among various fracture test methods [35, 36] . figure 3(a) . For the weak bond specimens, we first prepare stacked prepregs with 10 plies ([( ) ] 0 10 ) and then coat a part of the surface with the release agent. After the release agent dries, we stack the two prepared laminae to have a coated surface in the middle, and then cure it with the hot press machine at a temperature of 121 • C (250 • F) temperature and a clamp force of 6100 N. To make an initial crack of the end notched flexure specimens ( figure 3(a) ), we place a piece of Teflon tape in the middle of the stacked prepregs ([( ) ] 0 s 10 ) before curing, and then we remove the Teflon tape after curing. Similar to the three point bending test, we fabricate three kinds of specimens: specimens without coating of the release agent (control specimens), specimens with two coatings of the release agent, and specimens with six coatings of the release agent. Five specimens of each kind are tested. figure 3(c) . All specimens are painted with white spray along one of the long edges to monitor the crack growth ( figure 3(b) ). The load is applied with a loading rate of 1 mm/min until the failure of the specimen. Then, we mark the final location of the cracktip and measure the extent of the crack propagation along with the load applied that causes the extension of the cracktip. Using this information, the mode II fracture toughness is calculated.
Experimental results. The test setup is shown in
We observe that the crack is easily extended within the weak bond area compared to the pristine one. We calculate the energy release rate based on the following compliance calibration relation [33] :
where C is the compliance, a is a crack length, B is a width of the specimen, and F is the applied load. Detailed expression can be found in the ASTM standard [32] . The results from the tests are shown in figure 4 . The G IIC of the pristine specimens is ), respectively. The G IIc of the pristine specimen is comparable with those of CFRPs reported in ASTM standard; 800-1200 J m −2 depending on the fiber and matrix materials [32] . As the number of release agent coating increases, we find that the strain energy release rate decreases. Specifically, two coatings reduce about 11% and six coatings reduces about 67% of the strain energy release rate compared to the pristine one. We find that the trend of G IIC under the variation of the number of coatings is quite different from that of ILSS described in the previous section. This is probably due to the fact that in the end notched flexure tests, we used only the release agent, while in the three-point bending test, we used the combination of the release agent and the adhesive at the interface.
Weak bond detection test using the granular crystal sensor and actuator
In the previous section, we verified that our method based on release agent doping can produce weak bond samples in a reliable manner. By using these samples, our next step is to validate the efficacy of our HNSW-based diagnostic scheme for weak bond detection. To achieve this, we first focus on whether our granular crystal device can successfully break the weak bond using a strong type of HNSWs. Once the weak bond interface is delaminated, we will use a weak type of HNSWs to identify the occurrence of the delamination. To validate the diagnostic results obtained from our method, we also conduct C-scan tests on our composite coupons. Detailed testing procedures and experimental results are described below.
Specimen preparation and experiment setup
For the weak bond detection experiment, we fabricate two kinds of specimens employing the same material and fabrication process as used for the end notched flexure specimen. The dimension of the specimen is´150 15 1 mm as shown in figure 5 and the layup angle is [ ] 0 90 0 s . One group of specimens has an initial edge crack like the end notched flexure specimen, while the other group does not have the initial crack. For each kind, we fabricate two types of specimens: pristine and weak bond specimens. The weak bond specimens have six coatings of release agent at the center of the specimen in the direction of thickness.
To test the prepared samples, we implement a granular crystal sensor and actuator setup as shown in figure 6 . The granular crystal sensor and actuator consists of vertically aligned 19 chrome steel beads with a diameter of 19.1 mm and a weight of 28.1 g. They are supported by four stainless steel guiding rods. The striker bead, which is the same as regular beads in the chain, is placed at a designated height (50 cm and 10 cm for generating strong and weak types of HNSWs, respectively). Then, the striker is released to give an impact on the chain, which generates a single packet of HNSW in the chain. The HNSW propagating through the chain is measured by the piezoelectric sensor bead located at the 8th place from the top of the chain. This is because the HNSWs require a transition region to be completely formed after an impact. Details of the sensor bead are illustrated in the inset of figure 6(b) and its calibration process is described in the reference [37] . The sensor is connected to an oscilloscope to display and store the temporal profiles of the incident and reflected HNSWs traveling through the chain. To inspect a composite coupon, we simply support it by two steel roller joints and position the inspection area of the composite coupon in the middle of the two roller joints. Then we place our granular crystal sensor and actuator on the surface of the inspection area, such that the coupon makes a point contact with the last bead of the granular chain (see figure 6(b) ). The distance between the two supports is 32 times of the specimen thickness, which is similar to that suggested by the ASTM standard for the three point bending test [30] .
Diagnostic results

Pilot tests.
We first begin by conducting the experiments on the specimens without the edge crack for both pristine and weak bond cases. A weak type of HNSWs is injected into the center of the composite coupons, and a temporal profile of traveling HNSWs is measured by the piezoelectric sensor embedded in the granular crystal. The signals from both pristine and weak bond specimens are compared in figure 7 . The initial peak represents the incident HNSW that passes by the piezoelectric sensor spot (8th particle from the top of the chain as explained in section 4.1), while the second and third peaks denote HNSWs that arrive back in the sensor spot after the reflection from the composite specimens (see figure 6 (b) for conceptual illustration of such incident and reflected HNSWs). We define the time of flight (TOF) as the time interval between the incident wave and the reflected waves. In figure 7 , we shift the signals from weak bond specimen vertically by 15 V for comparison.
From these pilot tests, we observe that the TOF from the weak bond specimen is larger than that from the pristine specimen for both first and the second reflected HNSWs (marked as FSW and SSW in figure 7 ). This indicates that the wave reflection from the weak bond specimen shows more time delay compared to that from the pristine specimen. We conduct visual inspection of these coupons and observe that the weak type of HNSWs did not generate any damageparticularly delamination-for both pristine and weak bond specimens. Under the ideal scenario of unbroken weak bond, its stiffness should be identical to that of the pristine bond (i.e., only strength should be degraded, which does not affect any stiffness before failure). Thus, the diagnostic results from both coupons should be identical based on the profiles of the HNSWs. However, we note that our weak bond coupons include additional layers of release agent, which inevitably degraded structural stiffness even though its thickness is negligibly small. Such reduction of stiffness allows a more interaction time between the granular chain and the inspection medium, thus resulting in the increase of the TOF of the HNSWs [24, 25, 29] . Hence, we can deduce that the time delay in the weak bond specimen is due to the reduced flexural stiffness caused by the coating of the release agent. To avoid such unwanted discrepancies of stiffness and geometry between the weak bond and pristine samples, we attempt to break the weak bond gradually in composite coupons and see how HNSWs can detect such damage propagation in the following section.
Damage propagation detection.
In this section, we study the propagation of damage for the specimen with an initial end notched crack. The specimens with zero and six coatings are tested one by one. This test is comprised of three steps. First, we give an impact on the top of the crack tip with a strong type of HNSWs (by dropping a striker from the height of 50 cm) to induce crack propagation. Second, we inject a weak type of HNSWs to the specimen on the same location of the first impact injected, using the same granular crystal setup, but dropping a striker at the height of 10 cm as described in section 4.1. This is to measure the crack propagation using the HNSWs without incurring damage to the plate. Lastly, we observe the damage area via C-scan. We repeat this test five times for each specimen.
We compare the five measurement results in figures 8(a) and (b) for pristine and weak bond specimens, respectively. Again, the TOFs from the weak bond specimens are larger than those from pristine bond specimens. That is, for the pristine sample, the first HNSW reflection is measured around ∼2 ms, resulting in 1.63±0.01 ms of the TOF. For the weak bond sample, we observe the first reflected HNSW around 2.5 ms, corresponding to 2.05±0.05 ms of the TOF. For the pristine case, no significant difference is observed in the first wave reflection among the five measurements. On the other hand, for the weak bond case, slight variation is observed in the TOF and waveform in the first reflected waves. This is because the crack tip propagates at the first impact in each test and the local stiffness changes near the granular sensor positioned. Note that this stiffness change is caused by the delamination due to the propagation of crack under the injection of strong HNSWs. This is different from the stiffness change that we observed in section 4.2.1, which was due to the intact-but soft-layer of release agent. In figure 9 , we also compare C-scan images taken from the same coupons used in the previous section. While the blue area represents delamination or cracked portion of the specimen, the red area shows the pristine portion. The toprow images show the C-scan results measured before the injection of HNSWs. The results in the next four rows show the outcomes acquired from the each interval between the HNSW tests. For the pristine case, no significant crack propagation occurs with the impact by the strong HNSW. However, the images for the weak bond case clearly show the Comparison of C-scan images between pristine specimen and weak bond specimen after each impact. Blue color denotes delaminated areas, while the red color represents full bonded areas. The color intensity scale indicates the depth (thickness) of the specimen.
propagation of the crack tip after each strong impact. Particularly in the first impact, we observe that the crack has propagated significantly towards the center of the coupon. This makes the area underneath of the granular sensor disbonded in each diagnostic test. Thus, the diagnostic results based on HNSWs ( figure 8(b) ) show the uniform trend of delayed TOFs throughout the repeated tests.
Again, our method is highly sensitive to the local degradation of the inspection medium's stiffness [23, 25] , and depending on the proximity to the damage, we obtain altered responses of reflected HNSWs. To investigate this location effect, we position the granular crystal sensor and actuator at three different locations as displayed in figure 10(a) . The first location is where the specimen is cracked (or delamination), the second location is at the cracktip, and the third one is at the location with no crack. Plots of the waveforms for these three locations are provided in figure 10(b) . Importantly, these plots clearly show the variation of the TOF with the presence of the crack. At the cracked and cracktip locations, the TOF is noticeably higher than the uncracked location. This result verifies the capability of the granular chain for the identification of disbond (i.e., delamination) caused by the propagation of cracktips incurred by weak bonds.
Conclusion
In this study, we experimentally demonstrate the feasibility of the HNSW-based diagnostic technique for the detection of weak bonds in carbon fiber reinforced polymer composites. We first fabricate weak bond specimens by intentionally contaminating the interlaminar surface of the bond interface using a mold release agent. Then we investigate its effect on the interface properties using three point bending and end notched flexure tests. We find that the coating of the release agent successfully reduces flexure modulus, interlaminar strength, and strain energy release rate.
By using a granular crystal sensor and actuator, we conduct diagnostic tests on the weak bond samples prepared by the aforementioned release agent method. We first demonstrate that a strong type of HNSWs can extend the crack tip in weak bond areas by delivering high-intensity energy to a specific spot. We then show that the extension of crack tip can be detected by injecting a weak type of HNSWs and investigating the change in the reflected HNSWs. This is because the reflection of the HNSWs is sensitive to the local stiffness change caused by the crack tip propagation. The proposed HNSW-based method using the granular crystal sensor and actuator offer a unique advantage, e.g., portability and reliability, without relying on bulky and expensive apparatus, which makes it potentially useful for hot spot monitoring of composite-based structures. It should be noted that this inspection method is a destructive technique for the composite structures which contain weak bonds. This destructive nature of the proposed technique would not degrade its potential usefulness from a practical engineering standpoint, since it is imperative to sort out any structural parts that are potentially susceptible to catastrophic failure due to the bonding failure.
While this study successfully verified the feasibility of the HNSW-based diagnostic scheme, further study needs to be done by varying parameters like boundary conditions, thickness of specimen, bead size, and striker drop height. The response of the specimen in terms of reflected wave characteristics is expected to be sensitive towards these parameters. Numerical simulations could be used to conduct the parametric study instead of carrying out experiments with all the combinations of these parameters. The amount of impact energy induced for weak bond detection can be optimized. It is also important to determine the resolution of this technique, i.e., detectable size of the disbond using this technique. Additionally, weak bond creation using an impurity other than the release agent could be considered, and its effect on bond strength could be studied using HNSWs. 
